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SUWARY

Wing-bodycombinationsincorporatingseveralwingplanforms
indicatedtobe of interestfroma theoreticalanalysisweretestedat
Machnumbersof 1.62,1.93,and2.41in theLangleyg-inchsupersonic
tunnel.Onetriangular,onearrow,andtwodiamondplanformswere
tested.Thetriangularandarrowplanformsweretestedwithvarious
amount6 of csmber,whichwasdesignedto yieldanapproximatelyuniform
pressuredistribution.Testsof thearrowandtriangularwingsshowed
thatcamberingthesurfacewasan effectivewaytoreducetheleading-
edgel.aminar-separationeffectswhichwerepresentat thelowtest
Reynoldsnumbers.Forthemodelstested,thelaminsrseparationatthe
leadtngedgespreventedthepossibilityof attainingthetheoretical.ly
predictedleading-ed~ethrust.Theprincipalconclusionsresulting
fromboththetestsandcomparisonwithotheravailableexperimentsand
theoryareas follows:

Inthel.kchnumberrangeapproachingandbeyond2, thedifferences
inmaximumliftdrag ratiosbetweenthefullytaperedplanformstested
appeartobe smallandhencetheselectionofa wingplanformfor
optimumrangewillprobablydependon factorssuchas thelaudingcharac-
teristicsor controladaptability.

In the sameMachnmber range,thetr”=ngularplanfoYmapp&rsto
offer thelowestvaluesofminimumtiagandwillthereforebe of interest
foraixcraftoperattigat lowliftcoefficients.

%3upersedesdeclassifiedNACAResearchMemorandumL51Xllby
ClintonE. BrownandL.K. Hargrave,1~1.
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IntheMachnumberrangebelow1.6itappearsthatthearrowwing
offersthehighestmaximumlift-dragratios,althougha well-designed,
cambered,triangularwingmayapproachthearrowwinginefficiencyand
at thesamettieyieldsomewhatlowerminimumdragvalues.Inpartic-
ular,thedifferenceinmaximumlift-dragratiowilldependon theamount
of leading-edgethrustwhichcanbe realizedinflight,whetherthe
leading-edgethrustis-obtainedon a roundedorona camberedleading
edge.

INTRODUCTION

Theproblemofobtaininghighmaximum

—

liftdragratiosat super-
sonicspeedshasbeendiscussedby Jones(reference1)andFuckettand
Stewart(reference2). Inbothreferencesitis~ointedout,insofar
as thelineartheorycanpredict,thatthehighlysweptbackarrowwing
issuperiortootherplanforms.h reference1, itisestimatedthat
a maximumlift-dragratioof 10.8couldbe obtainedat a Machnumber
of 1.41anda Reynoldsnumberof 107 witha reasonableconfiguration
havinga highlysweptbackwing. Inanattempttoobtainex~ertientally
thehighlift-dragratiospredicted,Madden(reference3)conducted
testsof a highlysweptwingdesignedfora Machnumberof 1.53.The
resultsof thetestsindicatedthatthetheoretical.lift-dragratios
werenotattainedbecauseofviscouseffectsresultinginexcessivedrag
dueto lift. Inhter tests(reference4)ofa cs.mberedwingofreduced
thickness-clmrd’ratio,a lift-dragratioof 9wasobtainedat theMach
number1.53;thisresultisinbetteragreementwiththetheory.

.

“

●✌

“

It isapparentfromreference1 thatthehighlysweptarrowwing
istheoreticallycapableof givingthehighestmaximumlift-dragratio.
Nevertheless,findingthedifferencesinperformancebetweeuthearrow
planformandothers,especiallythelift-dragratiosobtainableat
liftcoefficientsbelowthatformaximumlift-dragratio,isim~rtant
becausethealtitudesforflightatthelift-coefficientformaximum
lift-dragratioareveryhighinthesupersonicrangeand,sinceair-
craftwillbe requiredto flyat loweraltitudes,theliftcoefficients
willbebelowtheliftcoefficientformsximumlift-dragratio.Also,
withmodernjetengines,theoptimumrangeoccursat liftcoefficients
somewhatbelowtheliftcoefficientformaxtiumlift-dragratio.The
presentinvesti~tionwasthereforeundertakentoprovideinformation
on thelift-dragratiosobtainablefromwingsof varioussimpleplan
forms. Theinvestigationwasconductedintwoparts:thefirst~rt
consistedofa theoreticalanalysisof triangularwingsandunswept
wingsofvarioustaperratiostodeterminetheirlift-dragratiosat
allanglesofattack;thesecondpartwasdevotedtotestsinthe
Langleyg-inchsupersonictunnelof themostinterestingtriangularand
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unsweptwingsselectedasbeingcloseto theoptimumfromtheresultsof
thetheoreticalanalysis.Uponcompletionofthetriangular-wingtests
themodelswerealteredby cuttingoutthetrailingedgesto formarrow-
typesweptbackwingsof zerotaperratio.Althoughtheresultingarrow
wingswerenottheoreticallypredictedoptimumwings,thetheoretical
workindicatedthattheyshouldyieldhighermaximumlift-dragratios
thaneitherthetriangularor diamondplanforms.Inadditiontothe
uncambered-wingmodels,twotriangularandtwoarrow-typewingswere
tested,eachincorporatingcamberapproximatingthatforuniformload
distribution.

‘Throughoutthispaperthewordcamberistakentomeana general
distortionof thewingsurfacesndhenceincludescamberandtwistas
usedintheusualsense.Thewingswere‘tistedon a body
at threesupersonicMachnumbers,1.62,1.93,and2.43.

of revolution

SYMBOLS

A aspectratio,b /
2s ,

a free-streamangleof attack,deg

%DeS designangleof attack,deg,

AZ changeinamgleofattackfromvalueforminimumdrag,

a - %n’ ‘eg

b wingspan

~ . fM~l
c wingchord,measuredindirectionof flight

2
f

b/2
E meanaerodynamicchord,

:0 c%

CD

&

dragcoefficient,Drag
qs

incrementaldragcoefficient,CD - cDmti

1

.
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C%n

c%

CL

C%es

Ck-pt

ACL

c%
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ski~.frictio~&ragcoefficient

minimumdragcoefficient

qsc
A% = Cm - cm~o

c! pitching-mo~nt-curveslopeperdegree
‘a

E completeellipticintegralof thesecondkhd

Fs theoreticalleading-edgesuction-forcecoefficie~t,

+Des)2-
411cotAu

j locationof centerofwingareafromapexof fuse3age,percent
of fuselagelength

k locationofmaximumairfoilthicknessmeasuredfromleading
edgeinstreamwisedirection,percentcbmd

L/D lift-dragratio

P,

.

wavedragcoefficient

liftcoefficient,*

desigaliftcoefficient —

liftcoefficientformaximumlift-dragratio

incrementalliftcoefficient,CL-C
m in

lift-curveslopeperdegree -.

pitching-momentcoefficient,Momentaboutcenterofarea

,

.
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(L/D)H maximumlift-dragratio

1 fuselage length

M streamMachnumber

P

R

r.

s

~~2
dynamicpressure,—

2

streamdensity

Reynoldsnumbersbasedonmesmaerodynamicchord

maximumradiusoffuselage,in.

wingplan-formareaincludingthesreaobtainedby extending
thewingleqdingandtrailingedgesto thefuselagecenter
line

msximumwing-sectionthickness

free-strea.uvelocity

wingloading

sweep angle of leading edge,deg

Am sweepsagleof trailingedge,deg

x coordinatealongfree-stresmdirection

Y lateral(spauwise) coordinate

z verticalcoordinateofwingcamberline

Subscripts:

r valueat rootsection

t valueat tipsection

%lin valueatqinimumdrag

.
‘o valueat zerolift

.
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ANALYSIS
.

Inlevelflightthethrustof anaircraftisproportionaltothe
weightandinverselypro~rtionaltothelift-dragratio;henceitis
alwaysdeGirabletoobtainhighvaluesof thelift-dragratio.In
flight,operationoftheaircraftattheincidenceofmaximumlifi-drag
ratioseemsdesirable.Theliftproducedatthisincidence,however,
mustequaltheaircraftweightandthereforea certainrestrictionon
eitherwingloading,altitude,or speedisimposed.Fixingthewing
loadingandliftcoefficientthusyieldsa relationbetweenflight
altitudeandMach”numberfora standardatmosphere.Thisrelationfor
severalvaluesof liftcoefficientandwingloadingisshowninfigure1.

Thecurvesclearlyillustratethat,forreasonablewingloadings,
a supersonicairplaneor‘mLssilemustgotoextremealtitudesto flyat
theliftcoefficientformaximumlift-dragratio.(

“Avalueof CL

)
opt

of0.20isconsideredtypical.As tacticalaircraftmaybe required
toflyat lowaltitudes,investigationofthelift-dragratioproblem
at lowliftcoefficientsisimportant.At vanishingliftcoefficients
thelift-dragratiodependsprimarilyon chin as canbe seenfrom

thefollowingequationforuncsmberedwings:

L CL

[

cLl--= =
D

C%in + KCL2 C%in

KCL2

%@ )
+ KCL2

.

where K isthedrag-risefactordCD/dCL2.Theminimumdragcoef-
ficientisthereforetheimportantdesignparameterforperformanceof
low-altitudesupersonicaircraft;whereasthemaximumlift-dragratio
is,themostimportantforhigh-altitudeaircraft.Itisclear,of co~se,
that,foraircraftoperatingoverwidespeedandaltituderanges,con-
siderationofbothparametersmustbemadeto insurethehighestlift-
dragratiosat valuesof liftcoefficientbetweenzeroand C

L@ ‘

Theeffectsofwingplanformon theseparameterscanbe estimatedby
usingtheresultsof thelinearizedtheoryof supersonicflowstogether
withsuitableskin-frictionfactorsandcertainsimplifiedstructural
criteria.It isconvenientforcomparisonofresultstoextendthework
of Jones(reference..l)on sweptpQn formstootherplanformsof interest.
Therefore,theanalysisiscarriedoutby usingthessmefuselageshape,
relativewingarea,skin-frictionfactors,andstructuralcriteriaas
wereusedby Jones.A briefsummaryof theassumptionsfollows:the
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ratioofwingareato fuselagefrontalareawassetat ~; thewing
minimumdragwasincreasedby 10percenttoaccountfora tailsurface;
thefuselagehada finenessratioof 12.5andwasa shapecalculatedto
givea minimumbag fora givenvolumeandlength;thedesignReynolds

numberwasassumedtobe 107;andthewingthickmessat therootwas
chosentobe one-fifteenththedistancealongthemaximwnthicknessline
to thewingcentroidofarea. Thislastassumption,of course,intro-
ducesa dependenceof thethicknessdragu~n theplanformandtendsto
penalizethehighaspectratiosas shouldbe thecase. It isrealized,
however,thattheimportanteffectsofwingstiffnessmd weightarenot
takenintoaccountand,therefore,thestructuralcriterionusedshould
be regardedas a firstapproximation.Forthecomputations,thevalues
of lift-curveslopeswereobtainedfromreferences5 to 7. Thezero-lift
pressme-dragcoefficientswereobtainedinthesamemanneras thoseof
reference1;thatis,thecoefficientsweredeterminedforwedge-type
profilesandincreasedbyone-thirdto allowfara sectionshapeof
higherstrength.Themaximumthiclmesslineforthetriangularwings
waschosenatthe30-percent-chordlinesincetheresultsof reference8
indicatea lowerwavedragforwedge-typesectionswiththemaximum
thicknesswellforwardofthemidchordpositionwhenthe“leadingedgeis
sweptbehladtheMachcone. Themaximumthicknesslinefortheunswept
taperedwingswasfixedat themidchordline,thesameas forthearrow
wings. Thevaluesof thewedge-sectiondragcoefficientswereobtained
fromreferences8 to 10. Thedragdueto Uft fortheunswepttapered
wingswastakenas theliftttiestheangleofattack;whereasthedrag
dueto liftforthetriangularandarrowwingswasobta3nedfromrefer-
ences1 and5. Incompressible,turbulent-boundary-layer,skin-friction
factorswereassumedforwingandfuselageandtheeffectsof angleof
attackon skin-frictionfactorswereneglected.Thedragof theisolated
wingwasaddedtothefuselagedrag;theconservativeerrorb thiscase
was intendedtoallowforsomeadverseinterferenceeffects.Theresults
of thepresentsnalysisat M = 1.41 foruncamberedtriangularand
unsweptwingsof threetaperratiosarepresentedinfigures2 and3
withtheresultsof arrowwingsfromreference1.

Thearrowwingsofreference1 havea fixedtrailing-edgesweepback
angleequalto theMachsaglesothattheaspect-ratiovariationresults
ina changeof leading-edgesweepback.Thetaperedunsweptwingswere
symmetricallengthwisesothattheleading-edgesweepbackwasequalto
thetrailing-edge sweepforward.

Thevariationofminimumdragcoefficientwithaspectratio(fig.2)
showsthatforeachplanformtheloweraspectratiosarebest. At the
loweraspectratiosthereislittledifferencebetweenthearrow,trian-
gular,smddiamondplanforms,andfromthislimitedanalysisitappears
thatthechoiceofplanformwiu be dictatedby otherconsiderations.
Fromthestandpointofmaximumlift-dragratio,however,figure3

.—
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indicatedthatthearrowwingissuperiorto
whgs fora Mrge rangeof aspectratiosand
promisingpm formforefficientsupersonic

WCA TN4020

thetriangularandunswept
thatitis indeedthemost
flightifthetheoretical

.

.

resultscanbe approachedinflight.Unfortunatelymostavailabledata
indicatesthatonlya portionof thetheoreticallypredictedleading-
edgesuctionforcehasbeenobtained.Sincethedragreliefproduced
by theleadtig-edgesuctionisquiteimportantinobtaininghighlift-
dragratiosonboththearrowsmdtriangularwings,curvesat (L/D)mw
havebeenplottedforwhichonlyone-halftheleading-edgesuctionforce
wasassumed.Thesecurvesshowthatthearrowwing,triangularwing,
anddiamondwingwouldallproduceaboutthesamemaximumvalues
Of (L/D)W.

Itshouldbe rememberedthattheconceptof leading-edgethrust
arisesinlinearizedtheoryandisnota clearlydefinablephysical
quantity.Whenlineartheoryiscomparedwiththeexperimentalresults
theleading-edgethrustwillbeburdenedwithothereffectssuchas the
viscousdragdueto lift,eddydragattrailingedges,andpossiblythe “-
dragassociatedwithshockformationnotpredictedh lineartheory.
Theleading-dgethrust as usedisonlya conceptusefulinestablishing -
a baseforcomparisons.

Theuncsnberedtriangularandarrowwiugsatanangleof attackare “
knowntohavepressuredistributionssimilarb subsonicairfoils;that
is,thereisa low-pressureregionontheleadingedgefollowedby a
veryrapidincreaseinpressure.Thesepressuregradientsareunfavorable
to smoothboundary-layerflowandquicklyproducetransitionfromlaminar
flowtoturbulentflowormoreoften,at lowReynoldsnwnbers,yroduce
flmsepaation. (Seereference3.) Inaiiditionit isknownthat,under
certainconditionsofMachnumberandangleofattack,shockwavesform
on theuppersurfaceofthewingcausingseparationanddeviationof the
flowfromthatpredictedby meansof thelineartheory.As theeffects
justdiscussedwereanticipatedfortheflattriangularandarrowwing
planfo?ags,thetestpogramwasenlargedto includecamberedtriangular
andarrowwings.As a firststep,itwasdecidedto investigatecamber
forapproximatelyuniformloadingat twodesiguliftcoefficients.The
equationforthecambersurfacefora uniformlyloadedtriangularwing
wasobtainedfromreference1 andis

{[

~cL ~~
1

(PY+mX)cosh-lx ‘ ‘Py - (PY. ~) ~osh-l x - mPY -“G m lPY+mxl lPY-mx]

(
m)2xcosh-1)~- 2-B 1
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where P = -and.=P.otALE. Thetifiniteordinatesat the
. rootsectionsproducea ceabersurfacewhichis,of course,impossible

to constructsothecamberdistributionwasmodifiedneartheroot
section.Themodifiedcambersurfacewillnotyielda uniformloading;
however,itwasfeltthatthealterationwouldnotaffecttoanyreason-
ablede~ee thesnmothnessof thepressuredistributionneartheleading
edges.

As thelowestavailabletestMachnumberintheLsmgleyg-inch
supersonictunnelwas1.62,thewingswereselectedfromcurvessimilar
to thoseinfigures2 and3 butwerepreparedfortheMachnumber1.62.
However,thecurvesfor M = 1.62 arenotshownas thereareonlysmall
differencesbetweenthetwoMachnumbers.

Since (L/D)
F

forthetriangularwingvarieslittlewithaspect
rationeartheop unum,theaspectratiochosenwassomewhatsmaller.

.’* thantheoptimuminordertoobtaina smallerc~n . me fullytapered
wingappearedtobe thebestchoicefortheunsweptplanform;therefore$
twodiamondwingsof aspectratio2.5and3.5wereselectedfortesting.
Thesetwoaspectratiosarebothcloseto thetheoreticaloptinnm

.

. Theactualtestmodelsvariedsomewhatfromthemodelsof the
theoreticaltreatment.Thesectionthicknessratioswereincreased
outbosrdof therootsectiontoallowforgyeaterwingstiffness;the
wingsreaswerealsoretisedsothattheratioof externalwingarea
to fuselagefrontalareawasconstantat approximately23 forall
configurations.

APPARATUSANDTEs’rPROCEDURE

WindTunnelad

Theinvestigationwasconducted
tunnel,a briefdescriptionofwhich

ModelSuppxrt

intheLangleyg-inchsupersonic
canbe foundinreference11.

AH ofthewing-fuselagecombinationsweremountedfromtherearof
thefuselageas showninfigurek. Themodelforcesaretransmittedti
thebalancesystemby thestingandsting-suypcmtingbarswhichare
shieldedfromthetunnelairstreamby a partiaLlymovablewindshield.
An angle-of-attackmechanismpivotsthestingsupmrtandmovablewind-
shieldabouta pint at
andallowsthemodelb
preventtheflowofair

thejunctureof themovableandfixedwindshields
be setatanglesof attackupto aboutilO”.To
overthestingandstingsuppmtjtheclearance
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at themodelbasebetweenthemodelandthemovablewindshieldwasheld
at about0.005tnchanda flexiblerubberboo=wasslippedoverthe
junctureofthemovableandfixedwindshield.Thescalesareself-
balancinghem scalesandmeasurethreecomponents,ina horizontal
of thetotalforceson themodelendsup~rtsystem.

. .

plane,

Models

ThefuselageshapeusedhasbeendeterminedbyHaack(reference12)
tohavethemfiti~pressuredragfora givenlengthandvolumeifclosure
atthetailisassumedas showninfigure5 by thedashedlines.Therear
of thefuselagewascutofftopermitinstallationinthebalance-support
systemandisassumedtorepresenta typicalfuselagewitha jetexit.
Fourmild-steelfuselageswereconstructed.!J2hreeof thesebodiesM
a maximun.diameterof 0.760inchcorrespondingtoa frontalarea0.0432
timestheexternalareaof thediamondandtriangularylan-formwings.
Thefourthfuselagehada maximumdiameterof0.591inchcorresponding
to a frontalarea0.0414timestheexternalareaof thearrowplan-form
wings, Oneofthelargefhselageswasmadewitha hollowsupmrtto
permitinstallationof fourpressureorificesinthebaseof thebodyso
thatthefluctuationsofbasepressurewithgapsizeandalinementof

. —

themovablewindshieldcouldbe determined.Theothertwolargebodies
—

hadsolidsupportsandwereconstructedtopermitinstallationof the
.-

.
triangularsmldismondwingsoftwodifferentincidencewithrespectto
thefuselagecenterline,0°sad3°. Thesmallfuselagewasconstructed
topermitinstallationof thearrowwingsat0° incidence.A small
mirrorflush-mountedneartherearof eachbodywasusedwithan optical
angle-of-attacksystemtomeasuretheangleof attackof thefuselage
duringthetests.

Thediamondplan-formwingshavecircular-cstreamwisesections,
the A = 2.5 winghavinga thiclmessratioof 1.4percentat theroot
sectionandthe A = 3.5 winghavinga thicknessratioof 2.0percentat
therootsection.Thethicknessratiosforallwingsvaryspazndseas
shownby thecurveinfigure6(a). E?athdiamondwtngsweremountedin
thefuselagewiththeircenterofarea4.6x inchesfrauthenoseof the
fimelage.

Threewingsoftriangularylanformweretested:
onecsmberedtogiveapproximatelyuniformloadat CL
M = 1.62,andtheothercamberedto giveapproximately

oneuncsmbered,
= 0.08 and
uniformloadat

CL= 0.26 and M = 1.62. AlltriangularwingshaveanNX?A0002 root
airfoilsectionwhichhasitsmaximumthicknessat 30percentofthe
chord.Theleading-edgeradiiweremodifiedto givea smoothcontour
at thenoseandaverageabout0.2percentof thelocalchord.The
triangularwingsweremountedinthefuselagewiththecenterof area
of thewing5.875tichdsfromthenoseofthebody.

.

—
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Thespanwisecemberlinesof thecamberedtriangularwingsare
showninfigure6(b). Sinceeachcambersurfaceiscomposedof straight-
lineelementspassingthroughthewingapex,itC- be descri~dgraph-
icallyby sectionstakennomal totheflightdirection,eachsection
beingsimilarbutof a scaleincreasinglinearlyinthedownstream
direction.Therefore,thetwospanwisecamberlinesspecifybothcamber -
surfaces.Sincethetheoreticalcambersurfaceswouldgivetheroot-
sectionchordlineinfiniteordinates,theyweremodifiedby drawing
tangentsto thespanwisecamberlinesat ~ = o.1o6 as shownby the

dashed~rtionsof thecurves in figure6(%).Mostof themodifiedarea
iscontainedwithinthefuselage.Thesemodificationsgave,at theroot
chordlines,anglesofattackof 2.850at thedesignliftconditionfor
the cLks = 0.08 camberedwingand7.08°at thedesignliftcondition

‘or‘k Chs
= 0.20 camberedwing.

Thecamberedtriangularwingsweretestedintwoidenticalfuselages
withthesectionat thewing-bodyJunctureat approximately@ incidence
foronecaseand9 incidencefortheothercase.A photographof the

%es =
0.20 camberedtriangularwingon thebodyat 0° incidenceis

showninfigure7. Theresultingfuselageanglesof attackforwhich
thewingsareat theirdesignconditionaregivenh thefollowing
table.Thesearethetheoreticalvaluesandonlyapplyat M = 1.62.

Fuselageanglesof attack
Wing

0° so
incidence incidence

CLws = 0.08 trian~ar wing 2.47 -0.53

CL~s = 0.20 triangularwing 6.18 3.18

Thearrowplan-formwingsweremadeby cuttingouttherearof the
triangularwingsalonga 45°une to formfullytaperedarrowwingsof
aspectratio2.57. Thesectionsweremodifiedby forminga linear
variationof thiclmessfromthemaximumthicknesslinetothetrailing
edge. Theintersectionof the45°cutofflinewiththecambersurface
wasusedas
unchanged.
fairedinto
of theroot

thetrailingedgesothatthecambersurfaceof thewingwas
Thediscontinuityinslopeat themaximumthicknesslinewas
the wingsurfaceto forma smoothcurve.
sectionwiththesemodificationswas3.3

Thethicbess
percent.

ratio
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ThegeometricproperitesofallwingsaresummarizedintableI.
Sketchesofthevariouswingandfuselagecombinationsareshownin
figure~. Allof thewingsandfuselageswerehand-polished.Forall
testsof thewing-fuselageconfiguration,thewing-bodyjuncturesad
boltholeswerefilledwithplasterandfairedtothefuselageshape.

..

.

Testl%ocedureandPrecision

Threecomponentdataweretakenthroughanangle~f-attackrange
andreducedto givqlift,drag,andpitchingmoment.Schlierenplan-
formphotographsweretakenformostconfigurationsto determinethe
shock-wavepattern.Theliquid-filmteclqiqueas describedinrefer-
ence11wasusedtodeterminethenatureofHieboundary-layerflowon
mostconfigurations.Themodelsweregivena blackfinishbefore
applyingtheliquid-filmsolution.Uponcompletionofa testrun,the
modelsweredustedwithwhitepowder.Accordingly,thewetregions
appemwhiteinthephotographsandthe-dryr“egionsremainblack.

A correctiontothedragwasappliedto accountforthedifference
—

betweenfree-streampressureandthesting-shield-and-balsmce-enclosing-
boxpressure.Thebase-pressuremeasurementsshowedthatthisboxpres- .
sureactedovertheentirebaseareaat leastforthevariationinbox
pressureandmisalinementsofthemovablewindshieldwhichwereexperi.
encedduringthetests.Thecorrecteddragvaluesforthewing-fuselage

.

configurationcorrespondsapproximatelytothosefora power-onaircraft
witha jeth therearof thefu$elagewithpressurePait % Pstnm.
Therefore,ifthisconditionisnotmet,theresultsshouldbe corrected .
to accountforthebasedrageffects.Ont% c~e~ = 0.20 cambered
triangularwingon a sti

Y
model,theeffectof thestingon thecom-

binationisnegligible.Seereferenceil.)

Theestimatedprobableerrorinthemeasuredaerodynamicquantities
basedon thesmallestwingareaanddynamicpressureareas follows:

c!~. . . . . . ● . . . .* . . . . . . . . . . . . . . . ● . to.00015
cD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . kO.00015
cm. . . . . . . . ● . . ● ● . . . . . . . . . . . . . . . . *0.00020

ThesearetheerrorsatanyspecifiedsingleofattackandMachnumber.
Theprobableerrorinangleofattackisi0.080intheinitial.reference
of eachconfigurationwithrespecttothetunnelwallsandO.O1°in
relativeangleofattack.Streamsurveysindicatethatthemaximum
deviationof thelocal-streamdfiectionfro-tithetunnelcenterlinei~
notmorethan0.25°.Inaddition,ther&is=someerrorintroducedin

.
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.
mountingthewinginthefuselagewhich
probableerrorinMachnumberis~.01..

maybe as largeasQ.@. ‘I!be

TestsResults

Thevariationsof lift,drag,andpitching-momentcoefficientswitia
angleof attackforthefuselagetiloneat M = 1.62 isstiwninfigure8.
Therewereonlynegligibledifferencesintheaero@namiccharacteristics
of thelargeandsmallfuselagestested.Thecoefficientsarebasedon
thefrontalareasndlengthof thefuselage.Thepitcldmgmomentis
takenaboutthemaiimumdiameterof tbefuselage,a point4.760inches
fromthenoseof thelargebody.

Figure9 comparestheexperimentalcurvesof C~> ~> ~d C%in
againstMachnumberwiththetheoreticalvaluescalculatedby themethods
of VonI&&I =d Moore(reference13)andLighthill(reference14).
Thevaluesof Cti wereobtainedby addingan incompressible,lami-

nar,frictiondragcoefficientto thewavedragcalculatedby the
VonK&m&Moore method.Thetheoreticalvaluesof

.
wereobtainedby Lighthill~smethod.

. Thevariationof CL, CD, ~, and L/D with
wing-bodyconfigurationsat M = 1.62 areshownin

angleofattackfor
figures10to 18.

Allcoefficientsarebasedon theareaandmeanaerodynamicchordof
thewinginthatparticularconfiguration,andthepitchingmomentsare
takenaboutthecentroidofwingarea. The theoretical lift-curve
of thewingaloneisalsoshownforcomparison.Thetheoreticalcurves
areshownby dashedlinesandaredramnthroughtheexperimentalzero-
liftpointforallexcepttheuncsmberedwingson thezero-ticidence
bodies.Thedesignangleof attackof allcambered-wingconfigurations
isshownby dashedlines.Thevaluesof (L/D)mu, c~ti, Cb,

‘d C%pt forallconfigurationstestedaresumarizedintableII.

DISCUSSIONOFRESULTS

Minimumdrag.-A summaryofmtitiumdragvaluesforthevarious
testmodelsisgiveninfigure19. As anticipatedtheminimimdrag
valuesforthecamberedwingswerehigherthanthoseof thecorresponding
flatwingsandthedragdueto cambervariedapproximatelyas thesquare
of designliftcoefficient.Thetriangularwingproducedthelowest

‘=WS ‘f chin eventhoughitsthicknessratiowassomewhatgreater
thanthatof thediamondwtig. A comparisonof calculatedand.

.
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experimentalvaluesandliquid-filmstudiesmadeonthetriangular-wing
configurationindicatesthatwing-bodyinterferenceisresponsiblefor
theratherlargevariationofminim~dragwithMachnumber.Tb illus- .

tratethisconclusiona dragbreakdownisgiveninfigure20 inwhich
theexperimentaldataareplottedwiththecalculateddragcomponents.
~ thisbreskdown,thewingsareassumedtohavea fullle.minarboundary
layer,whereasbothlaminarandturbulentfrictionfactorsareusedand
givenforthefuselagefrictiondrag.Actually,theturbulentflowwhen
itoccursisccmcentratedonboththebody–redwingnearthewing-body
junction;hencethecalculationsimplyallowsanorientationof the
expertientaldragvalues.Infigure20comparisonof experimentand
theoryindicatesthatforboththearrowandthetriangularwingsat
M = 1.62 thereisa largeamountofturbulentflowwhichisreducedas
theMachnunberincreases.Theliquid-filmpicturesof figure21 show
thiseffecttobe truesincethemodelshownat M = 1.62 obviouslyhas
a largeamountof scrubbedareanearthewingbodyjuncture;whereasthe
pictureehownat M = 2.4o seemsto indicatethattheflowremains
lsminarevenclosetothebody-wingjuncture.Thetrendof the A = 2.5
diamondwingexperimentalvaluesissimilartothoseof arrowandtrian-
gularwingsexceptthattheturb~entflowappearstopersisttothe
highestMachnumbers.Itwasnotpossibletodeterminewhetherornot
therewasactuallya largeregionof turbulentflowintheregionofthe *
wing-bodyjuncturesbecausetheliquid-filmphotographsforthiswing
wereextremelypoor. It ispossible,of course, that the perfect-flow
(inviscid)wing-bodyinterferenceforthediuond-wingconfigurationis “
somewhatgreaterthanthatof thehighlysweptbackwingconfigurations.

=.
Inordertoobtaina betterwave-dragestimatethanwasusedinthe

analysissectiou,thetheoreticalwavedragfortheround-nosedairfoil
sectionsusedon thetestwingswasestimatedby approximatingthetrue
airfoilsectionsby several.straight-linesegments.Thesubstitutewing
used forthecalculationswasassumedtobe of constantthicknessratio;
whereas,forthetestwings,thethicknessratiovaried.Thevalueofthe
thicknessratioforthesubstitutewings,therefore,wastakentobe
thethicknessratioofthemeanaerodynamicchordforthetestwings.
Itwasfoundthata considerablechangeindragcanbe calculatedwhen
changingfromdoublewedgeto otherairfoilshapes,Thechangecanbe
eitherpositiveornegativedependingontheparticularconditionsof
Machnumber,sweepof leadingedge,andsoforth.Figure22 showssome
computedvaluesforthethreewingplanformsofthetests.It is
probablethatallthevaluesobtainedneartheMachnumbersatwhichthe
flowcomponentnormaltothelinesof discontinuousslopebecomessonic
areinerrorsincethelinearizedtheorycannotreasonablybe expected
to describetheflowundertheseconditions.Thebluntingofthenose
sectionsforthetriangularandarrowplanformsdoesnotcausea very
largeincreaseinthecalculateddragandtheincreaseof 33percent
assumed@ theanalysisisexcessive.Ihfacttheresultsindicatethat,

.

.
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fora smallrangeofMachnumbersforthearrowwing,a reductionin
dragmayresult.It isreasonedthattheeffectisgreaterforthe
arrowwingthanforthetriangularwingbecausethedouble-wedgearrow
winghasitsmsximumthicknessat 50percentof thechordandthe
bluntingeffectivelyshiftsthecentroidof sectionareaforward.The
shiftof sectionareaforwardshouldtendtoreducethedraginlight
of Puckett’swork(reference8) inwhichitisshownthatthedragis
generallyleastforforwardpsitionsofmaximumthicknessof double-
wedgeairfoilsectionswhentheleadingedgeiswellbehindtheMach
line. Thediamondwingsseemto followtheestimated33-percentdrag
increasefairlywellandhencetheresultsof theanalysisinthis
respectshouldbe reasonablyaccurate.

Thetriangular-wingmodelswhichshowedconsiderableturbulencein
thewingjunctureweretestedwithfilletsinan attemptto improvethe
flow;however,sincethefilletincreasedthetotalfrontalareaof the
model,no conclusionscouldbemadefromtheforcetests.Nevertheless,
liquid-filmstudiesshowednoappreciabledecreaseb theturbulentareas
anditwasconcludedthatthefilletswereof littlevalue.

P Lift-curveslope.-Thetheoreticalandexperimentallift-curve
slopesforthebodyaloneareshownin figure9. Thetheoretical.value
isconsiderablylowerthantheexperimentalvaluestslcenthroughthe

. zeroliftpoints.Thereasonsforthediscrepancyarenotentirely
clear;however,itappearsfromtheexpertientalpressurestudiesof
reference15thatseparationor at leastsevereboundary-layerthickening
occursonthetopportionsof thebodyevenat verylowanglesof attack.
Allen’stheory(reference16)predictssucha behaviorbutisreallyof
quantitativevalueat largeanglesof attackonlywheretheviscous
effectsdominatetheflow. It is.probablethatthelift-curveslopes
nearzeroliftwouldbe inbetteragreementwithlineartheoryifthe
modelsweretestedat higherReynoldsnumberswheretheboundarylayers
areturbulent.

Theliftcurvesforthewing-bodyconfigurationsat M = 1.62 are
presentedinfigures10to18togetherwiththetheoreticalcurves
computedforthewingsalone.Infigure23,thelift-curveslopestaken
overa lift-coefficientrangefromzeroto 0.15areplottedagainstMach
number.Theclosestagreementbetweentheoryandexpertientwasobtained
withthedismondplanformforwhichtheleadingedgeswerealwayssuper-
sonic.Thetriangularwingsgaveverygoodagreementat M = 1.62,but
fellbelowtheoryas theMachconeof theflowapproachedtheleading
edge. ThisMachconeeffectwasevidentforthediamondandarrowwings
aswell. Thearrowwingsfieldeda smallerpercentageof thetheoretical
lift,an effectwhichmightbe expectedsincethesteepertraildng-edge
anglesof thearrowwingsectionswouldtendtoproducea greaterextent

. of trailing+dgeseparation.
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C!enter-o,f-pressurepositions.- A plotof thecenter-of-pressure
positionagainstMachnumberfortwovaluesof ~ isgiveninfigure24
forthediamond-,triangular-,andarrow-wingconfigurations.As canbe

.

seen,thereisverylittlechangeincenter-of-pressuxepositionwith
Machnuniberwithinthelift-coefficientrangeof0.05and0.15. These
curveswerecomputedfromthefollowingequation:

Z!cm
Center-of-pressmeposition= —

CL

where

!Thisprocedureremovesthetheoreticallyconstantzero-liftmomentdue
to intentionalandunintentionalcamber;hencethecenter-of-pressure
positionsforthecamberedwingsarefictitiousandareonlypresented
toallowa simplecomparisonwiththetheory.Thetheoreticaltrlangular-
wi.ng-alonecenter-of-pressurepositionisalwaysat thecenterofwing
areasincethecambersurfaceiea conicalsheet.ThelowReynolds *
numbersofthetestswiththeattendantlaminar-flowseparationeffects
previouslymentiouedmakea detaileddiscussionofthecenter-of-pressure
travelratheruseless.Thetests,however,doindicatethatcenter-of- .
pressuretravelofallconfigurationsisofa muchlowerorderthanthat
anticipatedinflyingfrana mibsonicspeedtoa supersonicspeed.

Dragduetolift.-Thelinearizedtheorypredictsa leading-edge
thrustforwingshavingtheirleadingedgesbehindtheMachconefrom
thewtigapex. (Seereference5.) Thisthrustisan importantfactorin
reducingthedragduetoliftandtherefotecontributesconsiderablyto
themaximumlift-dragratio.Wfortunately,thepresentdataforthe
triangularandarrauwingsindicatethatverylittleofthislesding-
edgethrustisobtained.To showthiseffectclearly,figures25(a),
25(b),and25(c)inwhichthecurvesaredrawnrepresentingthedragto
be expectedwithandwithoutleading-edgesuctionforcehavebeenpre-
pared.Thelong-dash-short-dashlineissimplytheproductof ML and
CuI.Thedragincludingthesuctionforcewasobtainedby subtractingthe
theoreticalvaluesof suction-forcecoefficientFs fromtheexperimental
valuesof (~L)(k). Theplotsfortheuncamberedarrowandtriangular
wingsindicatea rapiddragrisewithliftcoefficientnearzerolift,but

l?~()
athi eranglestheslopesoftheexperimentaldragcurveandthecurve
for EL k wereaboutequal.Itshouldbe emphasizedthatthecom-
parisono theslopesoftheactualdatacurveswiththetheoreticalcurves
canindicatetheamountof leading-edgethrustobtainedonlywhenthevis-
cousdragisconstantwithangleofattack.Thecauseof theriseindrag ~
atlowliftcoefficientsistheonsetof sep=ationfromtheleadingedge

.
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of thewing. Fortheverythinwingstested,theflowovernearlythe.
entireleadingedgeappearstobecomeseparatedat anglesof attackof
2° ormore. Photographsof thewingflowpatternobtainedby useofthe
liquid-fibmethodshowtheleading-edgeseparationquiteclearly.
Figure26 showstheupperandlowersurfaceoftheflattriangularwing
atM= 1.62 and a = 4.5°;theliquidfilmhasbeendustedwithpowder
sothatthedarkregionsindicatedriedportions.Ontheuppersurface
theleading-edgeregioniswhiteandindicatesa ccmnpleteflowsepara-
tion,whereasthedarkregionsfollowingindicatethepointof flow
reattachmentwiththeresultanthighsurfacesheartendingto scruboff
theliquidfilm.Thelowersurfaceindicatesa typicalpatternfor
lamimarflow;tiedarkleadingedgesarea resultof thehighsurface
shearat thebeginningof thelaminarl~er,whereasthedarkregions
adjacentto thebodyareregionsof turbulenceproducedbywing-body
interference.Theeffectof?increasedReynoldsnumberon theseparation
cannotbe predictedat thistime;however)as theRepoldsn~ber or the
leading-edgeradiusisincreased,thefractionof leadingedgewhichis
separatedprobablywilldecrease.It isdoubtfulthat,forthethintigs
necessaryforefficientflight,theleading-edgeseparationcanbe com-
pletelyeliminatedevenathighReynoldsnmiberswithouttheuseof. caniber.Thecsmberwould,of course,onlypreventtheseparationnear
thedesignangleof attack.

.
Thedragplotsforthecamberedw.~gs(figs-25(b)~ ~(c))

indicatea smallamountof’suctionforceoverthelowlift-coefficient
rangeat M = 1.62.Thiseffect,however,istherestitof tie~pro~ed
boundary-layerflowas thewingapproachesitsdesignpointandisnot
theresultofanyleading-edge-suctionphenomenon.At zeroliftthe
camberedwingsproducea regionof separatedflowon thelowersurface
anda lossinleading-edgesuctionandthusa ratherlargeminimymdrag
valueresults;astheliftcoefficientincreases)theflowseparation
disappearsandhencetheapparentdragrelief.Theleading-edgesepara-
tionwhichoccursnearminimumdragis clearlyshownintheliquid-film
pictureof figure27. It shouldbenoticedthattheseparationoccurs
on thelowersurface.Nearandabovedesignliftconditionsthedrag
curveapp-rstobecomeparallelto thecurvecomputedon thebasisof
no leading-edgesuction.

Thegeneralconclusioncanbe drawnthat,forthetestsat low
Reynoldsnuniberspresentedherein,thepresenceof leadi%-edgefl~
separationpreventstheattainmentoftheleading-edgesuctionforces
predictedby line= theory.

.

Thefavorableeffectofcamberon theboundary-layerflowoverthe
triangularwingscanbe seeninfigure28wherebothupperandlower
surfacesshowa typicallaminarflowpattern(comparewithfig.21).
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Since
supersonic

thetheorypredictsno leading-e~eforcesforwingswith
leadingedges,onlythecurvefor (@L)(k) forthedismond —

wingisshown(fig.25(a)).Theexperimentalincr~rnentaldragvalues,
.

however,wereslightlyhigherthanthatobtainedfrom (~)(~). This -
resultmaybeproducedbywing-bodyinterferenceorboundary-layerand
separationeffects.Ifthesesameeffectsarepresentinthetriangular-
andarrow-wingresultsitwouldindicatethatmoreleading-edgesuction
ispresentthanis indicatedinthefigures.

Lift-dragratios.-A summaryplotofvaluesofmaximumlift-drag
ratioisgiveninfigure29. Inthisfigureisalsoplottedtheresults
ofthetestsontwo63:sweptbackwing~withthesamefuselageas that
of thepresentinvestigation(referencesl~-and18).’Oneofthesewings
wasuncamberedandhada thicknessof4.54percentwhilethethickness
ofthecamberedwingwas5 percent.Thesweptbackwingsweredesigned
fora Machnumberof1.53;whereasthewingsofthepresenttestswere
designedfora Machnumberof 1.62.Theratioofwingareatofuselage
frontal area forthe63°sweptbackwingconfigurationswassomewhat
smallerthanthoseofthepresenttests.%e thicknessofthewingsused
inthetestswassomewhatgreaterthant~t whichwouldbe calculated —
fromthesimplifiedstructuralcriterion@ed intheanalysis,whereas
thewingsofreferences17and18aresomewhattoothin.Thus,a com-

.

parisonofthevalues of (L/D)H obtainedintheinvestigationsmust
bemadewithcare.Neara Machnumiberof1.6,thedataforthecambered -
63°sweptbackwingareslightlyhi&@erth& thebestresultsofthe
presenttests.Itisapparentthatthe63=sweptbackconfigurationis
definitelysuperiortothosereportedhereinat thelowerMachnumbers.
It ispossible,of course,thattheperformanceof triangularanddiamond
wingscouldbe improvedat thelowerMachnumbersby reducingthesweep-
back.Thevalueof (L/D)m of”12.9obtainedinreference17 at
M= 1.2 iscertainlyanencouragingresultfora supersonicairplane. -.

—.
Thecurvesoffigure29 indicatethatforthewind-tunneltest

conditionsthecamberedtriangularwings&d the’dismond&g”yield values
of (L/D)H whicharenearlyequaloverthetestMachnumberrange.

‘e CLDe~= 0.20 arrowwinggavea maximumvalueof8 at M = 1.62
butshoweda greaterreductionwithMachnumberthanthetriangular
anddi~nd -S. Thepoorresultsobti-~nedfortheuncamberedarrow
anduncamberedtriangularwingsareunquestionablytheeffectof
leading-edgeseparation.Theimportantquestionwhicharisesis,of
course,whethera substantialincreaseinReynoldsnumberwouldimprove
theflat-wingresults. The resultsofthetestsofreferences17and18
atreasonablyhighReynoldsnumbersseemto indicatethattheimprove-
mentwouldbe small.Thisconclusionmustcertainlybe trueforsharp
leadingedgesandevenroundededgesonverythinwings.As the
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Reynoldsnumberis increasedandtheleadingedgesaremodifiedto give
mostroundingattheneededpointsof theleadingedgeitis~ssible
thatmoreleading-edgethrustcanbe obtained.Theabilitytodesign
theleadingedgecorrectlywouldindeedbe desirablesinceitwould
allowa smallerdesignliftcoefficientforthe-camberandtherebyresult
inreducedminimumdragvalues.Thegeneralreductionof (L/D)mu
withMachnumberisprimarilytheresultof thediminishinglift-curve
slopes.

Thatdefiniteimprovementin (L/D)mu isobtainedby theuseof
cambercanbebetterseenandunderstoodby detailedcomparisonof theory
andexperiment.Infigures30(a),30(b),and30(c)therearepresented
curvesof =perimentallift-dragratioagainstliftcoefficientand,
fortheflatwingsandtriangularcamberedwingsat M = 1.62,the
theoreticalcurveshavebeendrawn.Infigure31thetheoreticaland
experimentalcurvesforthetriangularwingsat M = 1.62 havebeen
collectedononesheetto providean easiercomparisonbetweenflatand
camberedwings.

Thetheoreticalcurvesfortheflatwingswerecomputedby using
. theexperimentalminimumdragvaluesforthewing-tidyconfigurationand

thelinearizedtheoryresultfordragdueto lift. Thetriangular-
csmbered-wingcurveswerecomputedby usingthefollowingequational-:

.

where K1 representstheratioof thetheoreticaldrag
a flattriangularwingtothedragwithoutleading-edge
and & iscomputedas thesumof theexperimental

dueto liftof

‘Uctionc%;
~ti forthe

flattriangularwing-bodyconfigurationandthetheoreticaldragdueb
c~beratmbh~ drag CDC givenby thefollowingexpression:

cD~c’4!’-
‘Notethatfortheseequations

c%
isexpressedinunitsperradien.
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.

—

.

Theintegrationsindicatedintheexpressionfor
d

K3 havebeenperformed

mechanicallyandthevalueof K3/P asa functionof m ispresentedin
figure32. The equationspresentedarevalidfora fixedwingat its
designMachndber onlysincethecambersurfaceprovidestheuniform
loadingonlyat itsdesignMachnumber.

Itisapparentfrominspectionof thecurvesthattheflattriangular
—.

wingandespeciallytheflatarrowwingsufferseriouslyfromlossof the
leading-edgethrust.Ontheotherhandthecamberedtriangularwings
appeartoapproachmorecloselytheircalculateddesi~ lift-dragratios.
Again,however,thefailureto obtaintheleading-edgesuctionprevents
thecamberedwingsfrommaintainingthetheoreticaltrendabovethedesi~
liftcoefficient.Thiseffectisparticul.arlynoticeableforthe
cL~s = 0.08 triangularwingforwhicha sharptoppingof thelift-drag-
ratiocurveoccursneara liftcoefficientof 0.10whereseparationoccurs
ontheleadingedges.Thecamber-wingresultsat liftcoefficientsbelow

;%st pronouncedforthe
appeartobe slightlyhigherthanthetheoretical.Thiseffect

%wg = 0.20 triangularwingandiscaused
by themodificationof theactualwingcambersurfacefromthatofthe
theoreticaluniformloadcamber;thus;themodifiedcambersurfacehaving

—— —.
.

●
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smallersectionslopesneartheroot@elds a somewhatlowerminimum
dragcoefficientandhencebetterlift-dragratiosat lowliftcoef-
ficients.Thetheoreticalcurvesof figure31showthattheuniform-.
loadingcamberisnotoptimumsinceat thedesignliftcoefficientthe
camberedwingsyield L/D valuesalmosthalfwaybetweentheflatwings
withandwithouttheattainmentofa leading-edgethrust.Themore
optimumcambersurfacewould.be onewhichpreventsseparationandreduces
the~ssibilityof shockwavesby reducingthepeakpressureson the
leadingedgebutat thesametimeapproachesthetheoreticaldragdue
to liftof theflatwings. It isprobablethatthisoptimumcamber
surfacecouldbe attainedby strivingforspanloadingswhichareonly
slightlydifferentfromtheelliptic.Thepossibilitythatshockscan
occuron triangularwingswasshowninreferenceIl. Thephenomenonis
similartothatexperiencedon two-dimensionalwingsathighsubsonic
speeds.(Seereference19.) Theuseofcambercaneliminatesuchshocks
by relievingthepeakpressuresforwardat theleadingedgeof uncambered
wingsandthuseffectivelyincreasewhatmightbe calledthesupersonic
criticalspeedofthetriangularwing.

Thedataobtainedshowlittleeffectofwingincidenceon (L/D)H,
at leastwithintherangefromO0 to ~.

.
The A = 2.5 diamondplan-formwingcanbe seentooffersome

interestinthatityieldedvaluesof lift-dragratiosovertheentire
. lift-coefficientrangewhichwerethesameas thoseof the CL~s = 0.08

triangularwing. It isonlylessinterestingthanthetriangularwing
becausethelatterseemstooffermorechanceforimprovement.Inaddi-
tionthetriangularwingappearstoofferbetterstabilityperformance
inthetransonicrange.

CONCLUSIONS

Wing-bodycombinationsincorporatingseveralwingplanforms
indicatedtobe of interestfroma theoreticalanalysisweretestedat
Machnumbersof 1.62,1.93,and2.4I.intheLangley9-inchsupersonic
tunnel.onetriangular,onearrow,andtwodwnd PM formswere
tested.Thetriangularandarrowplanformsweretestedwithvarious
amountsof camber,whichwasdesignedtoyieldanapproximatelyuniform
loaddistribution.Testsofthearrowandtriangulartigs showed
thatcamberingthesurfacewasan effectivewaytoreducetheleading-
edgelamtiar-separationeffectswhichwerepresentat thelowtest
Reynoldsnumbers.Forthemodelstested,thelaminarseparationatthe
leadingedgespreventedthepossibilityof attainingthetheoretically
predictedleading-edgethrust.Theprincipalconclusionsresultingfrom

.

.
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boththetestsand.comparisonwithotheravailableexperimentsand
theoryareas follows:

4020

1. h theWch numberrangeapproachingandbeyond2, thedifferences
inmaximumlift-dragratiobetweenthefullytaperedplanformstested
appeartobe smallandhencetheselectionof a wtigplanformfor
optimumrangewillprobablydependon factorssuchasthelandingcharac-
teristicsor controladaptability.

2. InthesameMachnumberrangethetriangularplanformappearsto
offerthelowestvaluesofminimumdragandwillthereforebe of interest
foraircraftoperatingat lowliftcoefficients.

3. IntheMachn~ber r~ge helm 1.6thearrowwingappearsto offer
thehighestmsximumlift-dragratios,altho-@a well-desi~edcambered
triangularwingmayapproachthearr~wwinginefficiencyandat the
sametimeyieldsomewhatlowerminimumdragvalues.b particular,
thedifferenceinmaximumlift-dragratiowilldependon theamountof
leading-dgethrustwhichcanbe realizedinflight,whethertheleading
edgethrustisobtainedon a roundedora camberedleadingedge.

.—

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,May25,1S1.
.

.-
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TABIE I.-SI.MMARYOFGEOMIEUCPROPERTIZ?SOFWINQS

[The aa~ct ratios and meangeometricchoraleare based on the wing

area includingthat blanketed by the fuaelag6]

% % * F t/c, percent, at - ~
Plan form

(m) (@3) (Bqstio) (:. ) (in.) ~mt O,n b,2 J

Diamond 38.6 38.6 2.50 13.35 5.78 3.0/3 1.40 2.15 50.0 58.2

Diamond 29.6 29,6 3.50 13.00 6.76 2.56 2.00 3.07 50.0 78.2

Triangular68,6 0 1.57 14.10 4.70 4.CQ 2.00 3.07 30,0 73.4

mow 68.6 45.0 2.57 8.58 4.70 2.4s 3.3 5.06 49.3 73.4

=@=
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TABLEII.- SWMARYOFAERODYNAMICCEARACTERISTICsOFVARIOUScoKFmuRATIoHs.
[Thevalues“ofC~ areaveragevaluestakenoverthe rangeof
CL=O ta CL= O.13;theReynoldsnmbersarebasedonthe
mm aerodynamicchordofthew*]

Connguration i%cidenceM (L/D)- ~ti ~ %@ R

1.62 8.11 0.0097 0.04-f5 0.154 1.I.M.x 106

A = 2.7flatdiamond
CP 1.93 7.60 .0396 .0389 .140 ,“998.

wingonbo4y 2.41 6.79 .0384 .0306 .1.16 .798

3“ 1.62 8.05 .0101.0483.1601.U

L.@ 7.(% .Ollg.0509.I’T8.924
A=3.5flatdiSlllOLLd
wZngonbody @ 1.93 7.11 .oiq .0402 .1!54 .830

2.41 6.51“ .0097.0313.143 .663

1.62 7.35 .0098.0352.1461.445

Flat triangularwing
Oo 1.93 7.10 .0076 .0306 .126 1.295

onlmdy 2.41 6.70 .0072 .0249 .107 1.036

Y’ 1.62 7.19 .C@7 .o~~ .145 1.445
1.62 8.12 .0092 .0343 .122 1.445

c~B =0.08trian- 00 1.93 7.76 .00S0 .0303 .u6 1.295
gul,arwingonbody 2.41 6.81 .ooa4 .0248 .1041036

3° 2.41. 6.69 .0084.0246.1071.636

1.62 8.05 .0124.U356.1.561.445

0° 1.93 7.63 .OU2 .0320 .13111.29!5
C*S = 0.20trian- 2.41 6.72 .O11o .0254
gularWngonlxAy

.u6 1.036
1.62 8.o1 .01s .0349 .UI& 1.445

30
1.93 7.34 .011.4 .0306 .138 1.295

1.62 6.77 .Ollz! .0375 .161 .878
Flat~ w~ on Oo 1.93 6.46 .0103 .0335 .147 .788

bay
2.4A 6.04 .01.02 .0274.1I.8.630

c~s = 1.62 7.86 .Ow .0373.161 .878O.@arrow 00
wingonlm~Y 1.93 7.20 .0111.0320.14 .788

1.62 7.91 .o157.0378.192 .878
cLm8=0.20~ 00 1.93 -f.28 .0136.0330.183 .7a
wingonbody

2.41 6.32 .0131.aqo .138 .630
. ——-=s?’=

.

.

.



.

.

m’

‘“r

40

20 /

oL
1.0

/

/

Figurel.-Variationof
variousvalues

1 I I
1.5 2.0 2.5

M

altitudewithMachnumberforlevelflightat
ofwingloadingandliftcoefficient.



%hldn

.04.

●m ‘

/“
●O2

●ol.

/

o-
1 2 3.4 5 6 7

Figure 2.-

&

Theoretical variation of CDti with aspect ratio for various

ulng-tail-fuselagecombinationsat M = 1.41.

. ) .



4
# ,

12
I I

10 ‘
A /

(VW&x ‘ \ /

8

6- ?

/

4L .
J. 2 3 4

A
5

Figura3.-Theoretical variation of (L/D)H with

various wing-tail-fmel.aga combinationsat

6 7

aspectxatfofor
M = 1.41.



-Angle-of-attack mirror

Fi.guxe4.-Mcdel support system.

, ,.
I

t



4 < v *

r<”z
?

t

‘O?--======
Itbmmd wings mI zero- RrimIw.@ uingz cm zero- Al1’mrv@530n Mlw-

imldallm body Incidmcabdy

—3.mo~ 2.850---+

Figure 5.- Design dimensions for fuselages @ various w3ng-fu&l.age

hoidenie body

L-,.3.-J
configurations. For large

fuselage, 1 = 9.52; or 6mKU fuselage, 1 . ~.41; equation for fuOelage ordinates,

Z-= [~ -(1 - +~]’f4; fineness ratio*= 12.~~.
r.

All dhnmsions me in inches.

I

u
P



32

1.6

1.4

+

to

Cr

1.2

1.0
.2 ●4 ~ .6 .% 1.0

.

.

*

(a)Variationofthespanwisethicknessratioofallwings.

l?2+!Y%zzzlI I I I

y/x

(b)Spanwisecamberlinesforthe Cbes = 0.08 and CLDeB= 0.20
camberedtriangularwings.

.

—
.

Figure6.-Airfoilpropertiesofvariouswings.



NACATN @20

.

.

33

----——

—. -.
—

.,

—-

__—.-

y-

%

-E

. . .

--s=-
L-69133

Figure7.-
c~es

= 0.2U camberedtriangularwingonbodyat 0° incidence.

.

.



NACATN 4020

Q!i!?.g

.

.

Figure8.-Aerodynamiccharacteristicsofthefuselagealoneat M = 1.62
and R= 2.89x 106. Reymoldsnumberandcoefficientsbasedon
fuselagelengthandfrontalarea.Momenttakenaboutmaximum-diameter
position.



NACATN4020
.

.

.

.

Experimental

‘-——- Theoretical

.o#

f?

.04

0

~ -

—— ——. .—. .—— —— .— —— —

——. -— —— -—. ——. -—— —- -—

1 ,

=&=
/.6 /8 20 2.2 24

M
Figure9.-Comparisonof thetheoreticalandexperimentalaeralynamic

characteristicsofthefuselagealone.c~ and C% aretheslopes
throughzeroliftandmoment.Momenttakenaboutmximumdiameter
position.



36 ‘NACATN 4020

%

_ Experimental
‘- --- Theoretical

%0
●3

qn //

.2

f

.1:

o “ w///

-*1‘

.

.

.02

%

o

-902

no
●M 1 ‘8

Q

43

.
.02

CD

Al

-0,

a,deg
,.

Figure10.- Aer@namic chamcteristicsofthe A = 2.5 diamondwing
onbodyat 0° incidenceat M = 1.62 and R = 1.11)(106.



NACATN 11-020

— l@perimental

37

----- Theoretical

CL o
1

.3
c~ n

#

.2

CL
-/ Jz

G)
o 0

“-02
/

~1

$

6

%

4

2

0

Figure11.- Aerodynamiccharacteristicsofthe A = 3.5 diamondwing
onbdy at0° incidenceat M = 1.62 and R = 0,9Zx 106,



38 NACATN M20

Experimental

—-— —- Theoretical

CL O
●2

~n

.1

CL

.02

0 “ o//
cm

-0 1‘ -002

-a2

a,deg

Figure12.- Aermlynamicfiaracteristicsoftheflattriagularwingon
b~Y at 0° incidenceat M = 1.62 and R = 1.45 x 106.



39

Experiment&L
----- Theoretical.!
CL O

.2 f
cm ❑

.1

I.
0

-b1’

.02

0

%

●O2

a,deg

Figure13.- Aerodynamiccharacteristicsoftheflattriangularwingon
bodyat 3°incidenceat M = 1.62 and R = 1.45x 106.



40 NACATN 4020

Experimental
—-– –– Theoretical

.3

.2

-1

--l

so ~
.04 I

c@ b I

.(?3 >
I

.02

C*

4/

I
I T

0“
-2 0 2 4 6 0 lo

iE,deg

6

6

%

4

2

0

:gure 14. - Aerc@nami.ccharacteristicsofthe cLDes= 0.08 triangular

wingonbdy at0° incidenceat M = 1.62 and R = 1.45x lo~.

.

.

.

*



A

.

●

.

.

NACATN b02Q 41

Experimental
--—- _ Theoretical

I
CL o (

.2 ‘ I
ClnU

.1 . t .02
I

CL i
I

o I o
I/-/ %0 I

-*1 I -.02
I

h%
-*2 I

I

L/b ~ I
I

●04 $
CD a

I
●O3‘ I 6

(jj 1
I

.02 4

I

a,deg

Figure15.-Aer@namic characteristicsofthe
CLDes= 0.20 triangular

wingonbodyat 0° incidenceat M . 1.62 and R . 1.45x 106. ‘



42 NACATN 4020

.2

.44

.03

.02

G
.(9I

0

Experimental
----- Theoretical

CL O

cm •1

/

.

●

.Ut

C*

o

-2 0 2 4 6 8
CC,deg

6

6

4

2

0

%

Figure16.- Aer@mamic characteristicsoftheflatarrowwingonbody
at 0° incidenceat M = 1.62 and R =0.88x 106. Flaggedpoints,
R= 1.13x 106.

.

.



NACATN4020 43
.

Experimental
_____ Theoretical

.

.3

.2

-/

e!

o

-4

.

.

.04

43

co

.(?2

0

8

6

4

2

0

Figure17.- Aerodynamiccharacteristicsofthe cLDes= 0.08 arrowwing

onbodyat 0° incidenceat M = 1.62 and R = 0.88x 106.



44 NACATN @20

.
— Experimental
---- - Theoretical

.3

.2

4
c’

o

-/

.04

.03

co

.02

.0/

—
.

-02

$

6

4

2

0

‘igure18.-Aerdynamlccharacteristicsofthe cLDes= 0.20 arrowwing

onbodyat 0° incidenceat M = 1.62 and R = 0.88x 106. Flagged
points,R = 1.13x 106.



NACATN @20

.0/6

.012

.010

.004

.002

0

o
•1

o
b—
v
u
D
o

0 2.5

I

Dt-amohdo 3.5 —
o 1.57

o 257
08 257 1 Arrow –

/,6 /.8 2.0
M

Figure19.- Sumaryofexperimentalminimum
. Configuration.

Z.z Z-4
-=5=

dragcoefficientsofvarious



. .

A= 2.5 flat dienmmiw@
on zero-incidencekocly

-0/6

U2 EifH

Flat trim ~ on
zero-holdencetidy

EHfl

/.6 2.0 24 /4 2*O

M

lH.@irex).-Dmg breakdown for

Flat arrow wing onsruau
zero-incidence bxly

*



NACATN 4020 47

M= 1.62.

.

.

M . 2.4(3.

=&=’
L-69134

Figure21.- Liquid-filmpicturesoftheflattriangularwingonthe
zero-incidencebodyat a = OO.



7

6

5

4

%&

3

2

1

0
f /6 48 2.0 2.2 g 2.6

Figure 22.- $ome effects of sectian shape on
of mrj.oue wings.

9?& m 32 34

the theoreticalwave drag

. .



.(M

.04

c~

o

.00

.04

0

~- —

Theoretical -——

Flat diaxaad fig on
body at zero lmlidemlo

ElZ13

A =25

--

2.0 24

44

0

.04

0

,04

0

A= 1.57trlan@arulngn
onbodyatmm incldeane

EEE13
c~m=g

____ --

/’45 Zo 2,4
M

A=2.57aRoirw@soa
bcdyat seroinoideaoa

EEi3

CLW=O

.04 -- -- _

o

E!EEl

cL&$=.~8
.04 -- – _

o
-

EEi+l

cf~t$=zo
.04 —-—— _

o
1.6 Zo 24

Figure 23.- Comparison of the experlmntal and theoreticallift-curve
slopes of various configurations. The experimmtfd lift-curve slope
iB am average value taken between lift coefficientsof O and 0.15.



$’%

%

4a

20

0

t’=.~ —
CL=.15‘-—

Theory ------

Flatdiarmmivingon
bndy at S8ro Im?ldamo

A=2.5

——.-—_ ___ _

40’

Eii13
A=3.5

21J

——_ _
f? —

M 2,() 24

A“L57~*m
bmiy at sero Imidemoe

20

0

20

u

20

F!EiIl

tLm=.~8

0 -- =-. ..—

/.(5 2-o 2.4 I-6

Figure 24.- Variation of cent.er-of-presmmeposition of various
configurations with Mach number-and lift-coefficient.

. . r .



r

.02

.0/

0

I I I I I I I 1

I I I 1 1 1 1 1 I

-o .02 .04 -06 #

,

o 4$? 04 .06 .06

(a)”Diamomi-wing configuration .

I Figure 25.- Variation of ACD with (ML) 2 of various configurations.

Ei



mCtm. o
-k’

/ M=l.6i?
.01 .

/’
,/

,
.,. .

0

At. .OI

o

4)2m,//M=zw
41 “

;/
/

00 .02 -0446

—-— (AoI,)(LIu)

❑
Lx=.”” ‘““

M=J.62

0-
/

,.,

❑
)

/ /

/
M=193

‘/

/

❑“/ A4=Z40
/

/

0 e (mrw “0’

_____ (Ac~j(Aa) -F.

mcL&=~

/

,/ “,~ M=m
/ /

(b) Triangular-wingconfigurations.

Figure &L- Ccmtimmi.

El

, . . .



, ,

.

, . 9

.02

A% a

o

-02m/
.oI

/

‘/

M=240

00- @ .04 U6

(c)

F ‘— (A fl,)(Aa) I

Arrow-wing configm=atiom.

Figure ~.- Concluded.

@

/

/

/
/

/
./ M=L93

❑/

/

/ IW?40
0“ .Oz .04 .#6



54 NACATN @20
..-

.- .

(a)Uppersurface.

.

.

-
(b)Lowersurface. L-69135

Fi~~..26.-Liquid-filmpicturesoftheflattriangularwingonthe
zero-incidencebodyat M = 1.62 and a = 4.5°.



NACATN 4020

.

.

(a)Uppersurface.

I

‘w
(b)Lowersurface.

Figure27.-Liquid-fihpicturesof the CLDes

bodyat 0° incidenceat M = 1.62

d.---—-.

=Is=
L-69136

= 0.20 triangularwing

at qti.
on .

.

.



56 NACATN 4020

(a)Uppersurface.

(b)Luwersurface.

Figure28.- CLDe~=Liquid-filmpicturesofthe._

onthezero-incidencelmiyat M = 1.62

=s=
L-69137

0.20 triangularwing

and.a = 6.8°.

“

.

.

.



.

, , #

(4IL
L’7ux

Eli! !iI!’:i+i
“Lo [2 M 1.6 /.8 2,0

M 2“%3+4

Figure .Z$J.- Sumary of the experimental.mximum lift-drag ra_kloBof
Variolm Coni’igurations.



/
L

D

, ,

/0

0

6

4’
AZZ5 LM

z

0 .1 .2

(a)

Variation

/-- -

A=3.5
-

$JMJhfM

--- I.62thmticai
o /.62

O 2,4
0 .1

CL
Diamond-wing cmfiguraticma.

of the lift-dragratio with lift
various configuration.

u
02

coefficient

● ✌

!2



, , r

/0

8

2

0

/ --%
/ \

/
.

/

/

i

--- 1.62 tiwwethl

—.- -
/

--- /,62 ~kotit/CU/

(b) Triar@Lar-wing configurations.

Figuxe 30.- Continued,



%

/2

/0

6

6

4

2

0

.—/ ,
---

/

{
!

i

/

/

I

/

I

\

qm~= u

sjww M

--- /,62 th#E’tics/
o /.62
❑ 193 wfpwikmf’c4
o .W.

0

(c)

.3
(.~

Arrow-wing Configurations.

Figure 30.- concNIKwL

, * , .



A

.

.

.

NACA

/4

/2

/0

8

/‘o
6

4

2

0

TN 4020 61

Theoreticalforflatwingwitheuctionforce

1 I ITheoreticalforCLW~= .~ cdred w!ng
I

I

/
TheoreticalforCLDe~= .20camberedwing

‘-Theoreticalforflatwingwithoutsuctionforce

o .04 U8 -/2 46
CL

Figure31.- TW3ereticalandexperimentalvariatimof
ratiowithliftcoefficientofthetrian~kr-ting
atM= ~.62.

.20 .24

thelift-drag
Cmrigurations

.

.



, ,,
,4

* I , .


